Introduction
Leguminous plants form root nodules, in which symbiotic rhizobia fix atmospheric nitrogen. The nodulation process in the legume-rhizobium symbiosis consists of a series of events initiated by an exchange of specific signaling compounds between the two partners. The roots of leguminous plants secrete flavonoids, which trigger the synthesis of lipochitin-oligosaccharide signaling molecules, Nod factors (NFs), by rhizobia. NFs activate nodule organogenesis in the roots by stimulating the division of cortical cells. Many nodule development stages resemble other plant organ development such as cell divisions and differentiations. Because phytohormones are signal molecules involved in most plant physiological activities, they are likely to positively or negatively regulate nodulation and nitrogen fixation in the legumerhizobium symbiosis.
In this chapter, we review the roles of several key phytohormones, namely auxins, cytokinins, gibberellins, ethylene, brassinosteroids, abscisic acid, salicylic acid, jasmonic acid and strigolactones in nodulation and nitrogen fixation in leguminous plants.
Auxins
Auxins were the first class of plant hormones discovered, and play a central role on the regulation of germination, plant growth, flower bud formation and flowering, and other developmental processes. In addition, auxins are involved in responses to environmental stimuli such as temperature, light and gravity. The most important member of the auxin family is indole-3-acetic acid (IAA), a native auxin in plants. The highest auxin levels are found in the cells undergoing cell division, elongation, differentiation and vascular bundle formation. Therefore, auxin may play a significant role in nodulation. The possible involvement of auxins in nodule formation was first reported by Thimann in 1936. Thimann reported that the nodules of Pisum sativum contained auxin and that the auxin content increased during root nodule development [1] . Since then, this indirect evidence for an involvement of auxin in nodulation has been supported by various experiments. Hirsch et al. (1989) showed that auxin transport inhibitors, such as N-(1-naphthyl) phthalamic acid (NPA) and 2,3,5-triiodobenzoic acid (TIBA), caused the formation of nodule-like structures in Medicago sativa [2] . In Trifolium repens, transgenic plants carrying an auxin-responsive promoter (GH3) fused to the GUS reporter gene have been used to visualize the presence of auxins inside roots during nodule organogenesis [3] . The authors found that rhizobia cause a localized, temporary and early inhibition of auxin transport, which subsequently leads to an accumulation of auxins at the site of nodule initiation. A similar expression pattern was also observed in Medicago truncatula by using a DR5::GUS auxin-responsive promoter. In addition, MtPIN-silencing plants had significantly fewer nodules than control plants [4] . van Noorden et al. (2006) showed that the supernodulating sunn mutant had increased auxin transport and auxin content and that long-distance auxin transport regulation by rhizobia was defective [5] . de Billy et al. (2001) showed that genes in M. truncatula related to the auxin import carrier gene AtAUX1,which they named MtLAX, are predominantly expressed in regions of the root tips and nodule primordia where the vasculature arises (i.e., in the center of the lateral roots and at the peripheral region of the nodules) [6] . These results suggest that auxins are required during the development and differentiation of nodule primordia and of the vasculature within the nodules [6] .
These reports also suggest that the auxin transport system is an important control on the number of indeterminate-type nodules. The effects of treatment with auxin transport inhibitors (NPA and TIBA) and with an auxin antagonist, α-(phenylethyl-2-one)-indole-3-acetic acid (PEO-IAA), on determinate-type nodulation were investigated by using Lotus japonicus. Both the nodule number and nodule development decreased and the formation of lenticels, which normally develop on the root surface and originate from the root outer cortex, was also inhibited by the treatment [7, 8] . The GH3:GUS transformant of L. japonicus showed auxin responses during nodule development. In rhizobia-inoculated roots, GH3-driven expression started to increase in the outer cortical cells where cell divisions occurred in the nodule primordia. GH3-driven expression was connected to the main root vascular tissues. These results suggest that auxins play an important role in the development of nodule vasculature, regardless of the nodule type [7] [8] [9] . In indeterminate-type nodule-forming plants, auxins accumulate at the site of rhizobia inoculation. This is caused by the inhibition of polar auxin transport by an accumulation of flavonoids, which are known as to be auxin transport regulators, around the infection site. In contrast, flavonoid-regulated auxin transport inhibition is not crucial during root nodule formation in Glycine max, which produces determinatetype nodules [10] . In the determinate-type nodules of L. japonicus, no inhibition of auxin transport was observed [9] . These differences in auxin distribution and transport inhibition between plants with determinate and indeterminate nodules have been attributed to a difference in the developmental pattern of the two nodule types [3, 11] .
The role of auxins in nodulation is linked to the development of other root structures, such as lateral roots. Both lateral roots and root nodules development are known to be regulated by the auxin-to-cytokinin ratio. An increase in the auxin concentration stimulated lateral root formation, whereas an increase of in the cytokinin concentration or an inhibition of auxin transport induced the development of pseudo-nodules. Previously, it has been assumed that nodule initiation in plants that form indeterminate-type nodules is stimulated by a low auxinto-cytokinin ratio [2] . Recently, Suzaki et al. (2012) investigated auxin distribution during root nodule development by using a DR5::GFP transformant of L. japonicus [12] . The accumulation of auxin in the dividing cortical cells was positively regulated by the nodule inception (NIN), transcription factor in nodule development and was inhibited by a negative systemic regulatory mechanism called autoregulation of nodulation. Moreover, auxin accumulation was observed in uninoculated roots of the L. japonicus mutant spontaneous nodule formation 2 (snf2), which has a gain-of-function mutation in LHK1 encoding the putative cytokinin receptor LOTUS HISTIDINE KINASE 1. Therefore, it appears that auxins are involved in the division of cortical cells and acts downstream of cytokinin signaling [12, 13] (Figure 1 ). 
Cytokinins
Cytokinins have been found in all living cells of intact higher plants. Cytokinins play roles ranging from minor to major throughout development, from germination to leaf and plant senescence and modulate physiological processes important throughout the life of the plant, including photosynthesis and respiration [14, 15] . Cytokinins are also involved in as the control of root architecture development, including root nodulation.
In Medicago polymorpha, the synthetic cytokinin 6-benzyl-amino-purine (BAP) significantly increased the number of nodules [16] . In addition, BAP had a dose-dependent effect on nodulation in P. sativum. High levels of BAP results in few, flat, pale nodules and abnormal infection threads in wild-type P. sativum [17] . Expression of the alfalfa nodule-sepecific marker gene MsENOD2 was induced by the exogenous application of a cytokinin in M. sativa [18] . The exogenous application of BAP on M. sativa induced cortical cell divisions and the expression of the early nodulin ENOD40 gene [19] . In G. max, the cytokinin trans-zeatin stimulated nodulation at concentrations lower than 2.5 x 10 -8 M, whereas at higher concentrations (5.0 x 10 -8 M) it inhibited the formation of nodules [20] . Lohar et al. (2004) developed cytokininresistant transgenic L. japonicus hairy roots by using cytokinin oxidase (CKX) genes from Arabidopsis thaliana (AtCKX3) and maize (ZmCKX1), and showed that these roots had significantly reduced numbers of root nodules compared to control roots [21] . These reports suggest that cytokinins play a significant role in nodule organogenesis.
Recent research has confirmed that cytokinin receptors also play a significant role in nodule organogenesis [22] [23] [24] . The gain-of-function snf2 mutant of the L. japonicus cytokinin receptor gene (LHK1) can form spontaneous nodules without rhizobial infection. This result indicates that cytokinin signaling is indispensable for cell division and for initiating nodule development [24] . In addition, L. japonicus plants homozygous for a mutation in the hyperinfected 1 (hit1) locus exhibit abundant infection thread formation but fail to initiate cortical cell division in response to rhizobial signaling [23] . In addition, RNA interference of the cytokinin receptor homolog cytokinin response 1 (MtCRE1) led to the development of cytokinin-insensitive roots, which showed an increased number of lateral roots and a strong reduction in nodulation [22] . Based on these reports, it has become clear that cytokinins act downstream of early NF signaling to mediate nodule formation. Cytokinins may therefore be the most important differentiation signal for cortical cell division and differentiation and for nodule organogenesis (Figure 1 ).
Exogenous application of cytokinins enhanced nitrogenase activity in nodules at all stages [25] . Rao et al. (1984) reported that the stimulatory effect of cytokinins increased the efficiency of nitrogen fixation. The application of cytokinins stimulated nitrate-induced nitrate reductase activity in the dark. Stimulation of nitrate reductase by cytokinins was inhibited significantly 6methylpurine and cycloheximide, suggesting a requirement of RNA and protein synthesis [26] .
Gibberellins
Gibberellins (GAs) are another important family of growth regulators in higher plants. GAs are also involved in root nodule symbiosis. Mutants deficient in GA biosynthesis or signaling develop dwarf phenotypes [27] . The GA-deficient mutants of P. sativum also developed significantly fewer nodules than wild-type plants. The application of an exogenous GA restored the nodule number in these mutants, although the addition of higher concentrations of GAs no longer restored nodule formation in these mutants. These results suggest that reduced levels of root GAs significantly decrease the number of nodules, and that nodule formation is considered to be strictly controlled by the GA concentration [28] . On the other hand, GAs are downstream signals of NFs for root hair curling process and for formation of infection pockets and infection threads at lateral root bases, and are essential for nodule primordium formation and differentiation in Sesbania rostrata [29] . The application of GA 3 at concentrations from 10 -7 to 10 -4 M results in the formation of nodule-like structures in the roots, and this response is sensitive to nitrogen levels [30] . Maekawa et al. (2009) also reported details of the effects of GAs on root nodulation in L. japonicus. Exogenous application of GA 3 (at more than 10 -8 M) inhibited the number of infection threads and nodules. In contrast, the formation of both infection threads and nodules were stimulated by the application of Uniconazole-P, an inhibitor of GA 3 biosynthesis. Moreover, the degree of NF-induced root hair deformation was attenuated by the application of GA 3 . The GA 3 -treated snf1 (a gain-of-function mutation of calcium/calmodulin-dependent kinase, CCaMK) and snf2 (a gain-of-function mutation of a cytokinin receptor) showed a significant reduction in the number of spontaneous nodules. The cytokinin-dependent induction of NIN was suppressed by GA 3 treatment. These results suggest that GAs are involved in the cytokinin signaling pathway for nodulation in L. japonicus [31] (Figure 1 ).
The F-box containing protein, SLEEPY 1 (SLY1), functions as a positive regulator in GA signaling. In the presence of GAs, SLY1 interacts with negative regulators of GA signaling, leading to the degradation of these negative regulators [32, 33] . The over-expression of L. japonicus SLY1 carrying a gain-of-function mutation resulted in a reduced number of nodules, though the number of lateral roots and the degree of root growth were not significantly affected [31] . The constitutive GA signaling mutants of P. sativum, la cry-s mutants, also form significantly fewer nodules than wild-type plants. However, GA deficiency that results from the na mutation in P. sativum causes a reduction in nodulation. These results suggest that there is an optimal degree of GA signaling required for nodule formation and that the GA signal, and not the concentration of bioactive GA is important for nodulation [34] .
The application of a GA decreased nodulation and nitrogen fixation under optimal growth conditions [35] . However, in G. max under low soil temperature conditions, nodulation and nitrogen fixation were decreased by GA 3 treatment during early plant development, but were increased during later development. The application of GA 3 increased nodulation and nitrogen accumulation after the early pod filling stage. These results suggest that GAs applied to soybean seeds at the time of planting did not influence final grain and protein yield [36] .
Ethylene
Ethylene is a gaseous phytohormone involved in fruit ripening, leaf and fruit abscission, germination, seedling morphogenesis, root emergence, root hair elongation, promotion of flowering, senescence and stress response. Several studies have shown that ethylene production can have a negative effect on nodule formation. For example, ethylene production significant-ly increased in roots infected by rhizobia, and added exogenous ethylene can decrease the number of nodules [37, 38] . In P. sativum, exogenous ethylene did not decrease the number of infections per lateral root, but nearly all of the infections were blocked when the infection thread was in the basal epidermal cell or in the outer cortical cells [38] . In addition, ethylene inhibited all of the early plant responses that were tested, including the initiation of calcium spiking in M. truncatula. This finding suggests that ethylene acts upstream or at the point of calcium spiking in the NF signal transduction pathway [39] . Nodule formation can be stimulated by treatment of M. truncatula roots with aminoethoxyvinyl glycine (AVG) or Ag + , which are inhibitors of ethylene synthesis and perception, respectively [40, 41] . The hypernodulation phenotype of the sickle mutant of M. truncatula has been attributed to a mutation causing ethylene insensitivity [42] . This mutant is defective in the ortholog of Arabidopsis ETHYLENE-IN-SENSITIVE 2 (EIN2), involved in ethylene signaling [43] . In L. japonicus, root nodule formation was suppressed by 1-aminocyclopropane-1-carboxylic acid (ACC), a precursor of ethylene, but was enhanced by AVG and silver thiosulfate [44] . These results suggest that an ethylenemediated signaling pathway is involved in the nodulation process, regardless of the nodule type. Nukui et al. (2004) produced transgenic L. japonicus carried the mutated melon ethylene receptor gene Cm-ERS1/H70A, which confers ethylene insensitivity [45] . When inoculated with Mesorhizobium loti, transgenic plants showed markedly higher numbers of infection threads and nodule primordia in their roots than did control plants. This result is consistent with the result reported for the sickle mutant of M. truncatula [42] . In addition, transcripts of NIN increased in the inoculated transgenic plants as compared with levels in the wild-type plants. In leguminous plants, the early stage of nodule development, including infection thread formation and the emergence of nodule primordia, are likely to be negatively regulated by ethylene signaling (Figure 1 ). In snf mutants, ethylene inhibits spontaneous nodulation. Therefore, ethylene plays a role in nodule formation downstream of the cytokinin signaling pathway [46] . However, ethylene may not play a significant role in nodule formation in all species. In soybean plants that form determinate-type nodules, the application of exogenous ethylene did not inhibit nodulation, and treatment with AVG or Ag + did not increase nodule number [38, [47] [48] [49] . In addition, ethylene leads to the formation of infection pockets and the initiation of nodule primordia in S. rostrata [50] .
ACC deaminase catalyzes the degradation of ACC into ammonium and α-ketobutyrate. The ACC deaminase gene (acdS) has been found in many rhizosphere bacteria [51, 52] . Through the action of this enzyme, ACC deaminase-containing bacteria can reduce ethylene biosynthesis in plants. In M. loti, acdS was found in the symbiosis island, and the enhancing effect of this gene on enhancing the nodulation of L. japonicus was demonstrated by using an M. loti acdS disruption mutant [53] . ACC diaminase in Rhizobium leguminosarium bv. viciae has been confirmed to enhance nodulation of P. sativm [54] . Reports concerning rhizobial strategies to reduce the amount of ethylene synthesized in the host leguminous plant suggest the importance of ethylene-mediated interactions in the establishment of symbiosis between the partners, by decreasing the negative effect of ethylene on nodulation [55] .
Brassinosteroids
Brassinosteroids (BRs) are a group of plant steroid hormones that regulate a wide range of physiological responses, including cell elongation, photomorphogenesis, xylem differentiation, and seed germination. BRs are present in the plants in extremely low concentrations, but they are highly mobile within the plant. BRs supplied via the root system remarkably promoted the elongation of cotyledon petioles and the hypocotyls of young radish and tomato plants [56] . This study clearly demonstrated the mobility of BRs in the plant system.
In addition, application of BRs affected nodulation and nitrogen fixation in groundnut (Arachis hypogaea), pea and soybean [57] [58] [59] . In groundnuts, BRs enhanced the growth and yield of the plants, and the growth promotion was associated with enhanced levels of nucleic acids, soluble proteins and carbohydrates [60] . The effect of BRs on nodulation and nitrogen fixation was also investigated. Exogenous application of BR increased in nodulation. Foliar application of BRs also increased the nitrogenase activity [57] . The application of 24-epibrassinosteroid also increased the nodule number, nodule fresh and dry mass, and nitrogenase activity in relation to those of the control in pea [59] . In the hypernodulationg En6500 mutant of the 'Enrei' soybean cultivar, the application of BR to the leaves not only induced stem elongation but also repressed root nodule formation, depending on the dose. However, this effect was not observed in the wild-type. On the other hand, foliar treatment with brassinazole, an inhibitor of BR biosynthesis, increased the nodule number and significantly reduced stem elongation in wild-type 'Enrei'. These results suggest that BRs in the shoots may contribute mainly to the regulation of nodule formation and that brassinazole transferred to the shoot from the culture medium subsequently reduced the level of endogenous BRs in the leaves [58] . From these results, BRs are clearly involved in nodulation and nitrogen fixation. The BR synthesis mutants lk and lkb exhibit a severe reduction in level of bioactive BRs in the shoot [61, 62] . A reduction in BR levels in the roots has also been confirmed for lkb [63] . These mutants lk and lkb and the BR response mutant lka also have fewer nodules than wild-type plants. These mutants also have fewer and shorter lateral roots. However, the average nodule dry weight increased significantly. Thus, although the root system dry weight decreased, the average nodules dry weight increased. This finding illustrated that nodule size is not simply a reflection of root system dry weight. Ferguson et al. (2005) also suggested that BRs affect the nodulation mechanism of the shoot that is involved in regulating the nodule numbers of the root [28] . They found that uniconazole-P, which is a GA 3 biosynthesis inhibitor, partially inhibits BR biosynthesis. In L. japnicus, the application of BR combined with Uniconazole-P significantly decreased the number of infection threads, compared with a treatment with uniconazole-P alone, but the decrease was less significant than the decrease in GA levels. However, no significant effects on the nodule number, and on shoot and root lengths, were observed. These results suggest that uniconazole-P inhibits BR biosynthesis in the root hairs, and thus lowers the number of infection threads that develop [31] (Figure 1 ).
Abcisic acid
Abcisic acid (ABA) plays crucial roles in plant growth, development and responses to environment stresses such as cold, drought and high salinity. ABA has been reported to play negative roles at different stages of nodule development. The application of ABA inhibited nodulation in P. sativum [64] , G. max [65, 66] , L. japonicus [67] , T. repens [67] and M. truncatula [68] . ABA application to wild-type G. max and to a hypernodulation mutant, NOD1-3, reduced both nodule numbers and isoflavonoid accumulation. It has been shown that isoflavonoids in G. max are responsible for the activation of nodulation, thus ABA could have an indirect role in nodule organogenesis through its effects on isoflavonoid synthesis. The effect of ABA on T. repens and L. japonicus, which form indeterminate and determinate type nodules respectively, was examined. Both leguminous plants showed a decrease in nodule numbers in response to ABA application. Similarly, after the application of abamine, an ABA biosynthesis inhibitor, nodule number increased in L. japonicus. The application of ABA on T. repens blocked root hair deformation at the stage between root hair swelling and curling [67] . In addition, ABA treatment inhibited infection thread formation in L. japonicus and M. truncatula [68, 69] . Moreover, calcium spiking after NF perception was inhibited by ABA treatment in M. truncatula [68] . Phillips (1971) found that exogenous ABA inhibited root nodule formation by inhibiting the cytokinin-induced cortical cell divisions required for nodule initiation [64] . These results suggest that ABA controls root nodulation by regulating root hair deformation, infection thread formation, and cytokinin-induced cortical cell division in leguminous plants (Figure 1) .
The nitrogenase activity of nodules treated with ABA was lower than in untreated wild-type in Phaseolus vulgaris [70] and P. sativum [71] . In P. sativum, ABA application stimulated an abrupt stress situation of severe drought which led to leghemoglobin reduction. Thus, an effect of ABA on nodule oxygen diffusion might also be involved in the decline of nitrogen fixation. The enhanced nitrogen fixation1 (enf1) mutant of L. japonicus was isolated by screening L. japonicus seedlings for survival on an agar medium containing 70 μM ABA. The enf1 mutants showed both increased root nodule numbers and enhanced nitrogen fixation activity. The low ABA sensitivity of the enf1 mutants was caused by lower endogenous ABA concentration. Moreover, nitrogen fixation activity in the enf1 mutants increased as a result of decreased nitric oxide production in the nodules [72] .
The role of ABA in autoregulation of nodulation was investigated in the G. max hypernodulation mutant nts382. The basal levels of ABA in the roots of wild-type G. max cv. 'Bragg' were higher than those in nts382, regardless of Bradyrhizobium inoculation. The ABA concentration in the shoot increased at the onset of autoregulation in 'Bragg' but not in nts382. The ABA-tocytokinin ratio in the roots was also consistently higher in 'Bragg' than in nts382. This phytohormone ratio had been suggested to be involved in root-to-shoot signaling and photosynthetic gas exchange in M. sativa [73] . A model was proposed to explain the possible influence of the ABA-to-cytokinin ratio in autoregulation of nodulation. However, Biswas et al. (2009) proposed that ABA was not directly involved in the systemic autoregulation of nodulation, because an ABA insensitive mutant of L. japonicus cv. 'Beyma' did not exhibit altered autoregulation of nodulation, and the application of ABA on one side of the roots inhibited nodulation locally but not systemically in a split-root experiment [74] .
Salicylic acid
Salicylic acid (SA) is involved in plant responses to pathogen, and its mode of action has been well characterized. SA is an inducer of systemic acquired resistance in the defense responses to pathogen attacks. In terms of the interaction between plants and rhizobia, several reports have shown that SA strongly inhibits nodulation and nodule development, leading to decreased nitrogen fixation activity. When M. sativa was inoculated with compatible Rhizobium meliloti, SA levels in the roots either decreased or remained close to their basal levels. However, when M. sativa was inoculated with incompatible Rhizobium leguminosarum or the nod mutant of R. meliloti, that was defective in NF biosynthesis, SA accumulated in roots. These results suggest the involvement of NFs produced by compatible rhizobia in the inhibition of the SA-mediated defense in leguminous plants [75] . In another study, inoculation of P. sativum sym30 mutant (nod -) with compatible R. leguminosarum increased SA levels in the roots. Similarly, SA accumulation in the roots was found in P. sativum inoculated with a NodCmutant. However, SA levels in roots either remained at the basal level or decreased when P. sativum plants were inoculated with compatible R. leguminosarum. These results suggest that the sym30 gene could be involved in a common pathway that leads to the suppression of an SA-dependent defense mechanism in leguminous plants against compatible rhizobia, thus allowing establishment of the symbiosis [76] . van Spronsen et al. (2003) found that SA application completely inhibited the formation of indeterminate-type nodules in Vicia sativa subsp. nigra and P. sativum [77] . However, SA application did not inhibit the formation of determinate-type nodules in L. japonicus, Glycine soja, G. max and P. vulgaris. On the other hand, SA application at higher concentrations decreased the number of determinate-type nodules and the dry mass of G. max seedlings, leading to a low photosynthetic rate and decreased nitrogen fixation [78] . The inhibitory effect of SA on the nodulation of hypernodulating soybean mutants NOD1-3 and NOD2-4 was significantly less pronounced than that in wildtype soybean. These results indicate that SA is directly involved in signal transmission in the autoregulation [79] . In addition, when endogenous SA levels were modulated through the transgenic expression of salicylate hydroxylase (NahG) in both L. japonicus and M. truncatula, a marked reduction in SA levels was correlated with an increase in the number of infections and the number of nodules [80] . These results suggest that endogenous SA levels affect nodulation in both determinate and indeterminate-type nodule-forming species.
Jasmonic acid
Jasmonic acid (JA) is also involved in plant defenses against pathogens and in wound responses. JA has been reported to be a negative regulator of nodulation. In L. japonicus, shootapplied methyl jasmonate (MeJA) strongly suppressed nodulation, including infection thread formation and NIN gene expression in wild-type plants and even in the har1 hypernodulation mutant [81] . In M. truncatula, nodulation was strongly inhibited in a growth medium containing JA. A high JA concentration significantly decreased the plant's responsiveness to NFs, resulting in a lower number of root hairs that exhibited calcium spiking. In addition, JA inhibited the expression of the early rhizobium-responsive genes, RIP1 and ENOD11 [82] . In contrast, the JA concentration in leaves of a G. max hypernodulating nts mutant was higher than in those of wild-type G. max under natural growth conditions. In addition, transcription levels of JA responsive genes increased in the hypernodulating nts mutant, which suggests that the nts mutation induces changes in certain pathways, including JA synthetic metabolism, resulting in the activation of JA-responsive genes [83] . Kinkema and Gresshoff (2008) also showed that the expression of JA biosynthetic and responsive genes in the leaves of wild-type G. max is normally suppressed by inoculation with rhizobia, but not suppression was seen in a hypernodulating nts mutant. Furthermore, foliar application of n-propyl gallate, a JA biosynthesis inhibitor, significantly decreased nodulation specifically in the hypernodulating nts mutant [84] . Recently, Suzuki et al. (2011) reported that nodulation was enhanced by treatment with a low concentration of JA. Both infection thread formation and nodulation were increased by JA treatment of wild-type L. japonicus grown under low red/far-red (R/FR) light condition. These results indicate that nodulation is photomorphogenetically controlled by sensing the R/FR ratio through JA signaling [85] . Therefore, JA functions as a positive regulator of nodulation over a certain range of concentrations in these plant species. Previous studies have shown that JA can act as a signal molecule in the early stages of the development of leguminous plants-rhizobia symbioses; for example, it induces the expression of the nod genes in B. japonicum [86] and Rhizobium [87] . However, it is unclear whether the plant responses, rhizobial responses or combination of both responses are responsible for the positive effects of JA on nodulation. Suzuki et al. (2011) also found that nodulation was suppressed in the roots of a phytochrome B (phyB) mutant of L. japonicus that had not only decreased levels of photoassimilates but also a reduced concentration of JA-Ile (the active JA derivative). In fact, the number of root nodules in the phyB mutant was restored by JA treatment, providing further evidence that JA can act as a positive regulator of nodulation in leguminous plants [85] .
Strigolactones
Strigolactones (SLs) have been identified as phytohormones that are involved in the regulation of shoot branching in plants and thus have been suggested to be ubiquitous in the plant kingdom [88] . SLs are released by roots into the rhizosphere, and appear to stimulate germination of the seeds of parasitic plants such as Striga spp. and Orobanche spp. [89] . Recently, they have been shown to play key roles as signaling compounds in the interaction between plants and arbuscular mycorrhizal fungi [90] . Interestingly, SLs also increase nodulation in M. sativa, P. sativum and L. japonicus [91] [92] [93] . In M. sativa, treatment with the synthetic SL analogue GR24 clearly increased nodulation. When M. sativa plants were treated with GR24, the biosynthesis and the metabolism of the SLs increased, thus, resulting in an enhanced formation of indeterminate-type nodules [91] . The SL deficient rms1 mutants of P. sativum also produce fewer nodules than wild-type plants. Treatment with GR24 elevated nodule number in wildtype P. sativum and also elevated nodule number in rms1 mutant to a level similar to that seen in untreated wild-type plants. These results indicated that endogenous SLs increase nodulation in P. sativum [92] . The role of SLs in L. japonicus was studied by using transgenic lines in which CAROTENOID CLEAVAGE DIOXYGENASE 7 (LjCCD7), an orthologue of Arabidopsis More Axillary Growth 3, was silenced. Silencing of LjCCD7 is expected to reduce SL levels. The plants with silenced LjCCD7 produced fewer nodules than control plants; this suggests that SLs have a slight positive effect on the formation of determinate nodules [93] .
